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Abstract. The diffraction results for the formation of ice in 86Å diameter pores of a

SBA-15 silica sample are analysed to provide information on the characteristics of the

ice created in the pores. The asymmetric triplet at ∼1.7Å−1, which involves several

overlapping peaks, is particularly relevant to the different ice phases and contains

a number of components that can be individually identified. The use of a set of

three peaks with an asymmetric profile to represent the possibility of facetted growth

in the pores was found to give an unsatisfactory fit to the data. The alternative

method involving the introduction of additional peaks with a normal symmetric profile

was found to give excellent fits with five components and was the preferred analytic

procedure. Three peaks could be directly linked to the positions for the triplet of

hexagonal ice, Ih, and one of the other two broad peaks could be associated with

a form of amorphous ice. The variation of the peak intensity [and position] was

systematic with temperature for both cooling and heating runs. The results indicate

that a disordered state of ice is formed as a component with the defective crystalline

ices. The position of a broad diffraction peak is intermediate between that of high

density [hda] and low-density [lda] amorphous ice. The remaining component peak is

less broad but does not relate directly to any of the known ice phases and cannot be

assigned to any specific structural feature at the present time.
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1. Introduction

In the preceding paper (Seyed-Yazdi et al., submitted), called Paper 2, the data obtained

for neutron diffraction from ice nucleation in an ‘almost-filled’ sample of SBA-15 silica

with a pore diameter of 86Å has been presented for a wide range of temperatures

and for two different cooling/heating rates. The overall results are similar to those

obtained in earlier studies (Baker et al., 1997; Webber and Dore, 2004; Liu et al., 2006)

of ice nucleation in mesoporous silicas. However, the use of a longer wavelength for

the incident neutron beam gives a better Q-resolution and consequently allows a more

precise analysis of the peak profiles. The ice triplet centred at ∼1.7 Å−1 is of particular

interest in this context. The previous work on ice formed in mesoscopic pores has

always displayed an asymmetric profile that has been associated with the presence of

some defect or disorder in the confined ice structure. The present measurements enable

a more complete analysis of the diffraction pattern to be undertaken using curve-fitting

techniques. The results allow an interpretation of the co-existing phases of ice formed

in the pores. A previous paper (Liu et al., 2006), Paper 1 in the series, has presented

data for the ‘over-filled’ case using the same sample material and identical experimental

conditions. Paper 2 presents a general analysis of the ‘almost-full’ case and the present

paper examines the triplet profile for this situation in a more quantitative manner.

2. Profile analysis

2.1. Experimental results

The measurements were made on the D20 diffractometer at the Institut Laue Langevin

for several SBA-samples. The fabrication details and the experimental procedure have

been presented in Paper 1 of this series (Liu et al., 2006). The main feature addressed

in the current paper is the data covering the Q-range, 1.5-2.1 Å−1. This region would

normally have three well-defined peaks for hexagonal ice or a single central peak for

cubic ice. However, the diffraction pattern has a complex shape, which seems to retain

the same general profile over a wide temperature range despite a significant change in

its intensity.

The overall appearance of the profile suggests that the Bragg peaks are markedly

asymmetric with a sharp rise on the low-Q side and a long tail on the high-Q side, as

reported in the earlier studies (Webber and Dore, 2004) for a range of porous silicas.

However, the peaks are also strongly overlapping, so the true nature of the individual

profiles is masked by the presence of adjacent peaks. Furthermore, the peak profile

appears to be variable according to the sample material and displays significant variation

due to pore size and network type (i.e. sol-gel, CPG, MCM/SBA, etc). The shape is

particularly dependent on the fractional filling factor for the pores. Previous neutron

diffraction measurements (Baker et al., 1997) for a range of pore sizes and pore fillings

have emphasised the significant variations that can occur in the shape of the diffraction

pattern for this Q-value range. The systematic work of Morishige using x-ray diffraction
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(Morishige and Uematsu, 2005) with a range of different mesoporous silicas is also of

particular interest in this respect and is complementary to the neutron studies, as

although the crystalline components will be similar, the disordered components will

be different.

A change in the pore volume and the filling-factor can also have a direct influence on

the observed scattering distribution through the phenomenon of diffraction broadening,

which is particularly important for small pore dimensions. The first discussion of

the effect was presented in the early work with sol-gel silicas (Steytler et al., 1983a;

Steytler and Dore, 1985). Under these circumstances, it may become difficult to isolate

the effects resulting from the restricted dimensions of the water/ice component from

a real variation in its structural characteristics on a molecular scale. This effect

was of minor importance in the earlier studies made with a liquids diffractometer but

becomes more significant in the present measurements. Another important issue is the

apparent presence of a diffuse scattering contribution under the Bragg peaks that is not

normally considered in the analysis procedure for ice formed under these conditions,

although its presence was noted in the first identification of cubic ice in porous silicas.

(Steytler et al., 1983b). Furthermore it seems that the disordered component may

dominate for situations where the water/ice coverage is low (Zanotti et al., 2005).

Consequently, it is interesting to use the data presented in Paper 2 for a Q-range of

1.5 – 2.1 Å−1 to make a more detailed study of the different ice phases.

2.2. Asymmetric peak profile analysis

The overall diffraction pattern for the full Q-range of the measurement is shown in

Fig. 1a at 258K and the intensity profile in the region of 1.7Å−1 is shown in Fig. 1b

for a range of different temperatures. The pattern for 1.5-2.0 Å−1seems to resemble

that of hexagonal ice with a triplet of peaks corresponding to the [100], [002] and [101]

reflections. However, the widths of the peaks are much broader than those observed for

the hexagonal ice formed on the outside of the silica grains, (Liu et al., 2006).

It is also clear that the central peak is enhanced relative to the other peaks and this

is due to the presence of cubic ice, which has only a single peak at the centre of the triplet

distribution. The profile therefore seems to be a hybrid of both hexagonal and cubic ice

forms. In earlier studies with sol-gel silicas, the cubic ice component was more dominant

and consequently it has been usual to refer to the ice as ‘defective cubic ice’. Subsequent

work has emphasised the inter-relationship of the two ice forms and Morishige makes

specific comment that it is preferable to describe the ice as ‘defective hexagonal ice’

(Morishige and Uematsu, 2005). It is now widely assumed that the ice confined in the

pores contains a large number of stacking faults (Kuhs, 1998) so that it is probably more

appropriate to refer to these ice phases simply as ‘defective ice-I’, in which both cubic

and hexagonal ice forms are incorporated. However, a detailed crystallographic analysis

of this type of defective structure is complicated by the need to retain the hydrogen-bond

connectivity in the three-dimensional ice structure and a treatment of this problem has
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Figure 1. a) The full diffraction pattern for water/ice in 86Å pores at 258K,

b) the profile of the main diffraction peaks at various temperatures.

only recently been attempted (Hansen et al., 2007). The neutron measurements of Paper

2 show that the basic shape of this compound triplet profile remains approximately

constant with respect to temperature but the intensity is seen to vary systematically

over the whole range studied. Other recent work on partially-filled samples, that will

be reported in subsequent papers (Seyed-Yazdi et al., in preparation, c), indicates that

there may be some minor differences in the temperature range just below the onset of
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nucleation.

The observation of a slowly-decaying intensity on the high Q-value side of the main

triplet peak has been taken to be an indication of the presence of an asymmetric peak

function that can be associated with a defective form of cubic (or hexagonal) ice. In fact,

it seems that cubic ice is rarely, if ever, formed without some indication of a shoulder on

the low-Q side of the central peak and a weakly-decaying ‘tail’ on the high-Q side. This

asymmetric form immediately suggests a link to the Warren profile that was originally

developed (Warren and Bodenstein, 1965, 1966) for the description of certain forms of

carbon. The essential features arise from the facetted growth of the crystal lattice along

particular directions that, when averaged over all orientations for a powder sample,

give rise to an asymmetric peak profile. The basic formalism proposed by Warren

was subsequently developed by Ergun (Ergun, 1970) and gives a good description of the

observed diffraction patterns for materials such as activated carbons (Szczygielska et al.,

2001) In this case, the graphene sheet has long-range correlations in the plane of

the sheet, whereas the number of well-correlated stacked layers is limited to a much

shorter range. In effect, the crystallites display variable correlation features in different

directions and the process of averaging over random orientations produces asymmetric

peaks in the diffraction pattern.

Close examination of the total diffraction patterns shown in Fig. 1a,b indicates

that there is also a diffuse scattering component present in the pattern, such that the

overall level of scattering on the low-Q and high-Q sides of the main peaks has a different

intensity. For the purpose of analysing the peak profiles, it is important to eliminate

this contribution and consequently a smooth ‘background’ term has been fitted using a

low-order polynomial, and then subtracted from the data, to give an isolated profile in

which the asymptotic values approach zero on each side of the peaks.

2.3. Symmetric peak profile analysis

There are two approaches to the peak fitting process based on the use of either symmetric

or asymmetric peak functions. A suitable mathematical expression for a symmetric peak

function may be defined by the following expression:-

I (Q , i) =
I0(i)

cosh [(Q − Q0(i)) /σ (i)]
(1)

where I(Q, i) is the intensity, I0(i) is the peak height, Q0(i) is the peak position and

σ(i) is a width parameter; the index, i, runs over the number of peaks in the composite

function. This form was used in preference to the usual Gaussian function as it has a

slightly broader spread in the wings. The basic principles of the method are not affected

by the choice of this form, which was used in the analysis of the higher order peaks in the

previous papers. The introduction of a skew effect for the three peaks is conveniently

made by by modifying this expression with the introduction of two additional parameters

and is described in Appendix I.
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2.4. Multi-component peak analysis

An alternative view is that the ice created in the pores involves the presence of other

forms of ice than simple cubic and hexagonal crystallites. In this context, there could

be a contribution from highly-defective or disordered forms of ice, so that the assembly

should not be regarded simply as a homogeneous collection of crystallites with well-

defined boundaries. In this case the profile is envisaged as a number of overlapping

symmetrical peaks and a curve-fitting procedure is adopted to isolate the individual

components. It was quickly established that only two additional broad peaks were

necessary in addition to the well-recognised ice triplet, in order to obtain good fits to

the data. The five peaks were defined in an equivalent way, using the symmetric ‘sech’

function defined by the expression given in equation 1; a similar fitting routine was used

based now on one linear and two non-linear parameters for each peak.

3. Results

3.1. Asymmetric-component treatment

An early attempt to fit the neutron diffraction data to a medium-resolution profile

was made by Baker (Baker, 1996) for neutron studies of defective ice formation in a

60 Å sol-gel silica from Aldrich. The measurements (Baker, 1996) were made on the

G61 diffractometer of the Orphee reactor and gave a similar asymmetric shape to the

present results showing a strong central peak. A formalism (Ergun, 1970) based on a

disc-shaped layer for the crystallite was used to represent the first peak with Gaussian

functions for the second and third peaks. Although the parameter fitting procedure

was not exhaustive, it quickly became apparent that there were major problems in

adequately representing the asymmetric profile with this combination of peaks.

The present data represent a more direct test for the fitting of asymmetric peaks

using the formalism expressed in equation 1. The program, NONLINREG (Evans, 1997)

was used to obtain an optimal fit to the datafiles from the cooling run at the faster ramp

rate. This set was used initially because the third peak, which has a small intensity,

was more pronounced in these datafiles and could therefore provide a better definition

of the parameter values, I0, Q0, ε2, σε and σ for each of the three peaks. There was

some difficulty in obtaining good convergence for many of the runs and the fits were

not of high quality. One of the best results was obtained for the situation just after

the onset of nucleation and a converged fit for 258K is shown in Fig. 2a. The minor

third peak is seen to have little asymmetry and is quite well fitted but peaks 1 and 2

have a marked asymmetry. The residual function, shown beneath the main fit, indicates

that the regions of the shoulder and the main peak have systematic variations and are

not particularly well represented by the overall shape. The situation becomes more

apparent at the lower temperatures as indicated in Fig. 2b for a temperature of 205K.

In this case the ‘fit’ is very poor despite having started from similar parameter values.

It appears that the shape of the shoulder in the low-Q region is slightly different and
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Figure 2. The fitted profile for the fast run using three asymmetric peak functions,

a) 258K and b) 205 K.

the program produces a compromise fit with a shifted position for peak-1 that affects

the shape of the central peak-2 and leads to complete failure to adequately represent

peak-3. The goodness of fit parameter is clearly worse than that obtained for the fit to

the 258K profile even though it represents the optimal values of the parameters.

Several other tests were made in which the small peak-3 was first subtracted from

the dataset and the program was used to represent the remaining profile with two

asymmetric peaks, in order to avoid the behaviour shown in Fig. 2b but it was still not

possible to obtain a satisfactory fit. It was concluded that the shape of the shoulder on

the low-Q side could not be adequately represented by a single peak superimposed on

the side of the main peak and that an alternative formulation was needed.

3.2. Five-component treatment

There are three clearly-identified features that indicate the presence of peaks that are

readily associated with the normal triplet features of hexagonal ice. The fact that

they are broadened relative to the behaviour of bulk hexagonal ice (Liu et al., 2006)

is not surprising because the crystallites are restricted in size and some diffraction

broadening will occur. However, the high Q-value region displays a broad ‘tail’ with

a much larger apparent width and the small, relatively-sharp peak-3 superimposed on
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the falling intensity, making it difficult to estimate the width of the central peak. It

was decided to incorporate additional symmetric peaks to represent the overall peak

profile, and as a method of obtaining a reliable value for the width of this central peak.

The NONLINREG program was again used with the defining function specifying five

symmetric functions as given in section 2.3 and equation 1. Although the number of

free parameters was initially similar to the fits with three asymmetric functions, a much

improved fit was quickly obtained, confirming that only five peaks were needed. The

converged fits to the 258K and 205K datasets are shown in Figs. 3a and 3b; the residual

functions, shown below, are clearly improved over the previous analysis. The positions

of the peaks for the known ice triplet were found to be in the correct ratios despite being

allowed a free variation during the initial searches. The shape of the shoulder in the

low-Q region seems to require an additional broad peak that occurs between peak-1 and

peak-2 of the ice triplet and the fall-off region on the high-Q side requires a broad peak

centred between peak-2 and peak-3 of the ice triplet. Furthermore, this scheme of three

relatively sharp peaks and two broadened peaks is capable of fitting all the datafiles,

covering the whole of the temperature range studied. It therefore seems clear that these

two additional peaks are needed to fully represent the observed profile and to obtain a

systematic variation of the parameters. In this context, it becomes necessary to re-label

the peaks sequentially with peaks 1, 3 and 5 as the ice triplet and peaks 2 and 4 as the

slightly broadened and significantly broadened additional peaks; this notation is used

for the remaining part of the paper.

The results for the slow run have greater statistical accuracy per temperature

interval than the fast run and therefore lead to a larger number of data points in

both the cooling and heating runs. The results for the slow run also show a smaller

magnitude for peak-5. Corresponding fits for these datasets are given in Figs. 4a-d,

covering a wider temperature range. The five-component analysis routine again gives

an excellent fit to the profile with a similar set of parameter values. It will be seen in

the following section that there is a systematic variation of some parameter values with

temperature, so the question posed by this scheme concerns the origin of the additional

peaks. Peak 4 contributes the major part of the trailing part of the profile on the

high-Q side that had led to the initial suggestion of asymmetry but can now be seen

to be caused by the presence of a symmetric broad peak centred at 1.77 Å−1. This

feature immediately suggests the possibility of an amorphous ice component but the

peak position for annealed low-density amorphous [lda] ice is at Q0 = 1.69 Å−1 so there

is no direct correspondence. The position of the main diffraction peak for high-density

amorphous [hda] ice is at Q0 = 2.1 Å−1 so the position is in between the two values.

Koza et al. (Koza et al., 2006) have studied the transformation of hda ice to lda ice,

which displays a range of intermediate states in which the diffraction peak moves to

lower Q values as a function of time/temperature. It therefore seems feasible that there

is a range of amorphous ice structures that correspond to intermediate density and a

metastable network of hydrogen-bonds that are stabilised by the thermal history of the

sample.
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Figure 3. The fitted profile for the fast run using five symmetric peak functions,

a) 258K and b) 205 K.

However, the study of ice formed on the surfaces of activated carbons

(Bellissent-Funel et al., 1996) is also relevant to this discussion. Measurements were

made for water adsorbed into the mesopores of a high surface area carbon and measured

for the liquid at room temperature and for ice at 77K. If the hydration level was high

the diffraction pattern showed the usual characteristics of hexagonal ice. However,

for a lower coverage [f = 0.25], it was found that no crystalline material was formed

when the sample was cooled to liquid nitrogen temperatures. The diffraction pattern

showed a broad oscillatory structure with a distinct resemblance to lda ice but the main

diffraction peak occurred at 1.85 Å−1 for f = 0.25 and 1.90 Å−1 for f = 0.50. More recent

work for low coverage in a Vycor sample (Zanotti et al., 2005) and a SPS silica sample

(Jalassi et al., in preparation) has also given a similar behaviour. The conjunction of

this peak with the position of peak-4 in the fits to the present data is suggestive of the

formation of a glassy form of ice that is intermediate between lda and hda ice. This

possibility is further explored in the next section [Sec. 3.3].

3.3. Temperature variation of the parameter values

Although a free parameter search was adopted in all cases, the converged values of the

various parameters show a consistent pattern. The most important parameter is I0,
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Figure 4. The fitted profile for the slow run, a) 240K three asymmetric peaks , b)103K

three asymmetric peaks, c)240K five symmetric peaks and d)103K five symmetric

peaks.
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which represents the height of the peaks, as the width parameter, σ, remains relatively

constant. The integrated peak intensities depend on both I0 (Fig. 5a,b) and σ for

the cooling and heating sequence and the different rates of temperature change. It is

immediately apparent that the contributions to all peaks rise with reducing temperature

and decrease with rising temperature, as already apparent from the behaviour of the

sample data shown in Fig. 4.
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Figure 5. The intensity variation, I0(T), for the component peaks, a) fast run, b)

slow run. (Note the different temperature range for the two cases.)

Over the range 259K to 208K the increase corresponds to a change of 15 % in the

central peak height for the fast temperature change and 4 % in the central peak height

for the slow temperature change. Over the wider range 259K to 95K the central peak

height for the slow temperature change exhibits an 11% increase. However this also

reveals that each component changes at a slightly different rate. The main feature is

the totally reversible nature of the curve, as found in the earlier studies for water/ice

in MCM materials (Dore et al., 2004) and as mentioned in preliminary discussions for

these SBA materials (Liu et al., 2006; Webber et al., 2007b). This lack of hysteresis is

surprising and indicates that there is a metastable equilibrium between the different

phases that varies with the absolute temperature. This behaviour is discussed further

in Sec 4.

It is instructive to show the variation with reference to a fixed temperature Tref .

This temperature is chosen to be just below the measured temperature of nucleation -

239K in the fast run and 227K in the slow run. The function Q0(T )/Q0(Tref) is given in

Figs. 6a and 6b. In this context it becomes clear that peak-4 behaves in an anomalous

manner and, although the shape is somewhat different for the ‘fast’ and ‘slow’ runs, it

seems that there is an opposite displacement of the peak with respect to temperature.

In effect the structural correlations giving rise to this peak appear to expand as the

temperature is reduced. This behaviour is also discussed in Sec 4. The width parameters

for each of the peaks remain fairly constant over the whole temperature range but have

different values as shown in Fig. 7; The parameters for the five peaks, at 200K and 258K,

are given in Table 1. The variation of the positions of the triplet peaks is given in Fig.

6. The ratio of the peak positions remains constant within 0.05% and the actual values

for 205K and 258K are listed in Table 1. In the case of bulk ice the c/a ratio remains
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Figure 6. The relative shift function, Q0(T)/Q0(Tref ) for the parameter values

shown in Fig 5. [Note: a different T0 is used and that the temperature scale covers a

different range.]
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Figure 7. The width parameter, σ(T ) (w(T) on graph), for the peaks, a) fast run,

b) slow run.

Temperature Peak No. Amplitude Q0 FWHM Q0/Q
Pk3

0

1 3.84 1.6502 0.032 0.9449

2 3.90 1.6874 0.063 0.9661

205K 3 12.36 1.7465 0.043 1

4 6.52 1.7660 0.193 1.0112

5 1.45 1.8638 0.015 1.0672

1 2.80 1.6516 0.037 0.9450

2 3.81 1.6878 0.064 0.9657

258K 3 12.31 1.7477 0.046 1

4 6.20 1.7682 0.192 1.0117

5 4.24 1.8645 0.014 1.0668

Table 1. Peak Parameters : amplitude, centre position Q0, Full-Width-at-Half-

Maximum, and Q0/QPk3
0 for the five peaks, at 205K and 258K.

constant over a wide temperature range with a value of 1.628. The corresponding value

for the confined ice is 1.637 which is a slight increase and presumably results from the

defective nature of the ice in the pores. It is notable that peak 5 for the 101 reflection
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is considerably sharper than the others and shows no additional broadening compared

with that for the hexagonal ice formed on the outside of the grains. The other two peaks

of the ice Ih triplet have comparable widths although the central peak (002) is always

a little broader than the first peak (100).

4. Conclusions

4.1. Ice phases and stability

The results presented in Section 3 indicate the presence of two different phases of ice,

namely ice Ih with ice Ic (or a hybrid form of both structures) and an amorphous

component that can be characterised as an intermediate density form of amorphous ice

[ida-ice]. The distribution of these materials through the pore network is not defined

by these measurements. It is therefore impossible to say whether there are regions in

the pore volume that consist mainly of one form of ice or whether they are effectively

mixed into a fairly homogeneous volume with a textural variation.

The three sharp peaks (1,3,5) correspond to the triplet peaks of ice Ih and the

ratios for the peak positions correspond to the expected values. However, the intensity

ratios do not correspond, as shown by comparison with the diffraction pattern for ice

Ih formed on the outside of the pores (Liu et al., 2006). The indication is that the

crystalline component consists of a composite form of ice-Ic and ice-Ih, arising from

stacking faults or some other variation that leads to the creation of a defective lattice

structure.

The most interesting feature arising from the fitted curves is the presence of the

broad peaks 2 and 4 and their systematic variation with temperature, as represented

in Figs. 5 and 6 for I0(T ) and Q0(T)/Q0(Tref). Peak-4 shows an anomalous behaviour

as the displacement of the peak position, Q0(T)/Q0(Tref), which follows an opposite

dependence on temperature to the other peaks. The shape of this function appears

different in Figs. 6a,b for the slow and fast cooling runs but this is because a different

temperature range is covered. It is clear from the cooling run that the peak moves

initially to lower Q-values for the temperature range down to 200K but at lower

temperatures (<200K) behaves in a similar manner to the other peaks.

It is noticeable from the total scattering pattern (Fig. 1a) that there is a disordered

contribution that extends over the whole Q-range. This feature is most clearly shown

by the difference in levels below and above the triplet peaks. In the peak analysis of

Sec 3.2, this ‘background’ contribution has been removed to provide a suitable analysis

procedure but it is seems likely that peak-4 is directly linked to this diffuse scattering

contribution, which extends over the whole Q-range and is indicative of an amorphous

ice form. Amorphous ice in the bulk form can be created by a number of different routes

and it appears that there are possibly two distinctive states corresponding to low-density

amorphous ice [lda] and high or very high-density amorphous ice [vhda]; a brief summary

of their characteristics and transformation properties is given in Appendix II.
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It would seem from the behaviour of the intensity of peak-4 curve (Fig. 5a,b) that

this component is formed during the initial stages of the nucleation event and that a

substantial proportion of the ice volume has these characteristics. All the peaks show

an increase in amplitude at lower temperatures, but the fractional increase for peak-4

is substantially greater than for the other peaks. There is also a slight variation in the

width parameter that also shows an decrease at low temperatures and could possibly be

associated with a change in the spatial correlations of the disordered phase arising from

restricted vibrational motion. The combination of the intensity and width changes of

peak-4 results in a substantial growth in the area of the peak (Fig. 8a,b) that displays an

anti-correlation with the peak-shift (Fig. 6a,b). It therefore seems feasible that there

is a change in the physical properties that could relate to the transformation of the

network, which is discussed in section 4.2. The pattern for the heating cycle does not

exactly follow that of the cooling cycle but does reproduce the sharp change in position

for the temperature region above 200K. This conjecture can only be investigated further

through a study of the proton dynamics by spectroscopic techniques. NMR studies of

the proton relaxation have suggested that the disordered component has substantial

rotational mobility such that it can be classed as ‘plastic ice’, converting (reversibly)

to a brittle ice at low temperatures (Liu et al., 2006; Seyed-Yazdi et al., submitted;

Webber et al., 2007a,b). The area of peak-4 increases significantly and reversibly as

the temperature is lowered, and may correspond to temperature modification of the

disordered hydrogen-bond network. The small reduction in the area of peak 2 just prior

to melting may be an observation of a pre-melting phenomenon.

The widths of the composite peaks for the crystalline components give information

about the diffraction broadening that may be related to the crystallite size through the

Scherrer equation. The D20 instrumental resolution at these Q values is around 0.012

±0.002 Å−1. However, the fitted parameters shown in Table 1 indicate that, although the

widths for the confined ice remain relatively constant with respect to temperature, they

have a number of different values. Under these conditions it is not possible to evaluate an

overall pore size as the results imply that there is possibly some orientational correlation

of the crystal axes with the pore axis, indicating that the crystallites could be needle-

like in shape. Alternatively, the variation could arise from the particular nature of the

stacking faults. This is an interesting observation but a full interpretation is beyond the

scope of the present paper and will require detailed evaluation by computer modelling

(Hansen et al., 2007).

The origin of peak-2 is less easy to ascertain, although it has been observed as a

specific feature in separate studies of ice in a sol-gel silica [Baker, Dore, unpublished

data]. It is a ‘partially-broadened’ peak at ∼1.69Å−1that occurs between the first

two peaks of the hexagonal ice triplet. In simple terms, it would correspond to a

short-range periodicity of 3.7 Å that does not seem to relate directly to the usual

features of a hydrogen-bonded network of either crystalline or amorphous nature. It

is possible that it might be an indication of a modified structure of water/ice at the

silica interface. At present, it is impossible to identify the reason for this contribution
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Figure 8. The peak areas, A(T), for the peaks, a) fast run, b) slow run.

although it is possible that it will be explained later when detailed simulation studies

are conducted. It is well known that many different geometric arrangements can be

created for a hydrogen-bonded assembly, either through ice polymorphs (Henry et al.,

2005) or alternatively through local cluster formation (Xenides et al., 2006). There are

two other possible reasons for the presence of this peak. The first concerns the water-

silica interaction and the cross-correlation terms across the interface. The evaluation of

the water/ice diffraction pattern is based on the subtraction of the ‘dry’ silica pattern

from the ‘wet’ silica pattern and this does not eliminate the cross-correlation terms

that involve features from the water-silica correlations. With large pore sizes, as used

here, it is usual to assume that these terms make a negligible contribution as they

only involve the short-range effects at the interface. Furthermore, the silica is of an

amorphous form so that direct registry with the crystalline ice lattice is unlikely and

any sharp features in the diffraction pattern would not normally be expected. However,

the lower temperature and the associated reduction of molecular mobility could affect the

local correlations of the interfacial hydrogen-bonded structures, involving surface siloxyl

groups and neighbouring water molecules that are dependent on the local environment

at the ice-silica interface. It is known that the internal surface of the cylindrical pores in

SBA-15 silicas has a microporous corona that influences some of the properties revealed

in gas adsorption (Joo et al., 2002) or DSC and SANS studies (Schreiber et al., 2001,

2006) It is therefore possible that this effect could be responsible for the ‘additional’ peak
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in the decomposition of the intensity profile, as the water/ice would be in a different

environment to the rest of the sample. However, the size of the contribution to the

profile seems to be too large for this explanation to be feasible unless the structural

modification extends into the central region of the pore.

A mono-molecular layer structure at a smooth interface would exhibit considerable

diffraction broadening and would not be easily identified in the diffraction pattern.

Nevertheless, it is feasible that a constrained ice-like layer could be formed at the

interface, which has some extension along the length of the pores to create a two-

dimensional crystalline sheet (Inaba et al., 2005-03-01). If so, such an extended

structure would give a peak that would be expected to exhibit an asymmetric profile

but unfortunately this effect cannot be isolated from the experimental data due to

the presence of overlapping peaks. Furthermore, the parameter values describing the

temperature variation appear to vary in a similar manner to the crystalline component,

which would not be expected for a layer firmly localised and in contact with the walls

of the silica substrate. The possible presence of a microporous halo in the pores of

the SBA-15 silica is similarly unlikely to give this effect. The second possibility is

that there is a modified form of crystalline ice that could be created at the grain

boundaries of the crystallite assembly. Although this would explain the associated

expansion with temperature change, it would also indicate the presence of a very

large amount of material between the crystallites in addition to the amorphous ice

component. Furthermore, it would be expected that the subsequent growth of the

crystalline component would result in a decrease of this contribution, which is not

observed. Consequently, it is difficult to provide a satisfactory explanation for the

presence of peak-2 in the observations. However, the curve-fitting process indicates that

the observed profile cannot be solely due to an asymmetric shape to peak 1. It is hoped

that the study of partially-filled samples [f=0.6 and 0.4] will help to provide an answer

to this question; this work is in progress and will be reported later as Paper 4 in the

series.

4.2. Co-existence of ice structures

The interpretation of the results presented in the previous section emphasises the

complexity of the nucleation and growth processes occurring in the confined water/ice

state. The analysis also seems to indicate a slight variation for the data obtained

between the fast and slow runs although the overall features of the diffraction pattern

remain remarkably similar. One obvious change that is apparent in the raw data is the

magnitude of peak-5, which is significantly reduced for the slow run. This behaviour

has been discussed in Paper 2 as a possible expulsion of the pore water during the

temperature changes but an alternative explanation may need to be considered. Johari

has considered the inter-relationship of hexagonal and cubic ice using thermodynamic

arguments (Johari, 2005) and he concludes that the ‘balance’ between the two states can

be influenced by the cooling rate. It is probably premature to associate the behaviour
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observed in the present experiment with this prediction but the results are indicative of

some variation that will require more detailed investigation.

In conclusion, the results indicate that several defective ice states contribute to the

measured diffraction pattern for the nucleated solid phase of water in confined geometry.

Each of the composite ice phases is also observed to change systematically with

temperature over the range 256K-204K (fast run) and 257-102K (slow run), indicating

that all components increase as the temperature reduces. Peak-4, corresponding to ida-

ice, is found to have an anomalous behaviour concerning the displacement of the peak

position. The change in the position of this peak is clearly identified (Fig. 6) over the

range 225-205K for all the runs (heating and cooling) and suggests a significant reversible

modification of the amorphous/ disordered component in this temperature regime. It

presumably relates to certain dynamic features of the hydrogen-bonded assembly that

contribute to the observed structural characteristics. Prior work by NMR relaxation has

indicated that the disordered component may be characterised as ice in a predominantly

rotator (or plastic) state. (Liu et al., 2006; Webber et al., 2007a,b; Webber and Dore,

2008). In the same way that the diffraction data indicates that a disordered component

converts to cubic ice (and some hexagonal ice) over a temperature range from the melting

point down to below 200K, the NMR work shows that there is a conversion over a similar

temperature range of a rotationally mobile component, with a transverse relaxation time

T2 of around 100 to 200 µs, to brittle ice, with a T2 of around 10 µs. It is impossible

at this stage to say whether the observed changes may be described as predominantly

due to changes in the rotational or translational characteristics of the ’plastic’ ice and

its conversion to a brittle ice; more information is needed on how this rotational and

translation motion changes with temperature. The fractional amounts that convert,

as measured by the two different techniques, are in good agreement. An alternative

explanation that might be favoured by some researchers is that the system represents

an extreme super-cooling of a highly viscous phase of water that undergoes a glass

transformation to an intermediate density ice. However this data offers no evidence to

support the concept of a liquid-liqid transition in this temperature region. Further work

by spectroscopic techniques, such as NMR and QENS, will be needed to investigate the

microscopic dynamics in more detail.

5. Summary

Several conclusions have been established from the curve-fitting techniques used to

analyse the profile of the triplet ice peak in the 86Å pores:-

• Nucleation from the liquid phase creates a mixture that incorporates hybrid

crystallites of ice-Ih and ice-Ic with an intermediate density [ida] form of amorphous

ice,

• The amount of crystalline and amorphous material grows during a cooling run and

reduces during a heating run; the changes are reversible and hysteresis effects are

relatively small,
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• An analysis based on facetted growth in the pore volume leading to three

asymmetric peak profiles is not able to give a satisfactory fit to the data.

• An analysis based on a set of five symmetric peaks is preferred, giving three sharp

peaks correspond to the crystalline phases of ice-Ih, one to the presence of ida-ice

and one that cannot be assigned to any specific structure,

• There are small variations in the components of the profile that appear to be

dependent on the rate of cooling/heating. The parameter values describing the

variation with temperature are found to vary in a systematic and smooth manner,

These results suggest that the phase relationship of ices in confined geometry is

more complex than has been previously realised. The data indicate the co-existence of

several different structural phases of ice but it is not possible to comment on the precise

location of these inhomogeneities inside the pore volume. Further work is in progress

relating to partially-filled pores for the same SBA-15 silica sample and will be reported

in a later publication (Seyed-Yazdi et al., in preparation, c).
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7. Appendix I

A skew function to model asymmetric peaks.

The introduction of a skew effect into the peak profile can be achieved by modifying

the argument in the ‘cosh’ expression. The measurements indicate an apparent

asymmetry such that the peak has a sharper rise at low Q-values and a significant

broad ‘tail’ at high Q-values. The extent of the asymmetry may be determined by a

new parameter ‘ε’, which produces a skew towards the high-Q values for ‘ε’, positive
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and to low-Q values for ‘ε’, negative. The most convenient parametric representation

has been found to be through the use of a function defined by:-

I (Q , i) =
I0(i)

F (Q, ε; i)
(2)

with :-

F (Q, ε) = cosh
{ [

1 − tanh(ε2) tanh
(

Q − Q0

σε

)] (

Q − Q0

σ

)}

(3)

in which the parameter values, relate to the position, width and asymmetry features of

the peak. In this form, Q0 is the peak position and σ is the peak width, as previously.

The additional parameters introduce an asymmetry parameter, ε, with an associated

width given by σε . The parameter value, ε2, is constrained to be positive so that the

function has an asymmetric form in which the ‘tail’ is on the positive side of the peak.

In the simplest case it is possible to set σ equal to σε.

The overall triplet profile is obtained as the summation of three asymmetric peaks

in which each peak is characterised by one linear coefficient, I0, and four non-linear

coefficients, ε2, σε, Q0 and σ. Using three independent peaks therefore gives a total of

15 variable parameters. However, structural constraints and the relative insensitivity of

parameters defining the small third peak already fix several of the variables to a small

range of possibilities. This functional form is not identical to that arising in the Warren

profile expressions but is a convenient parametric representation that is able to represent

the asymmetric nature of the peaks in a convenient way for the profile analysis.

8. Appendix II

A brief summary of the structure of amorphous ices.

Extensive neutron and x-ray studies have been made on the various forms of

amorphous ice that are usually classified as either low-density amorphous ice [lda],

high-density amorphous ice [hda] or very-high density amorphous ice (Loerting et al.,

2001; Finney et al., 2002b). The hda form is produced by ‘pressure amorphisation’ of

hexagonal ice at low temperature (77 K). It converts to a form of lda ice at 145 K for H2O

and 140 K for D2O. The most usual way of creating lda-ice is by vapour-deposition onto a

cold substrate plate (Chowdhury et al., 1982) or alternatively by the hyper- quenching of

water droplets (Loerting et al., 2001). These methods result in several minor variants of

the ‘neat’ lda-ice, as revealed in the x-ray or neutron diffraction patterns and sometimes

referred to as amorphous solid water (ASW). The small structural variations seem to

depend on various parameters such as the precursor material [water droplets, vapour

or hda-ice], the temperature of formation/conversion, etc. but it seems probable that

a common structure is created after annealing at ∼120-130K. Experimental studies

show that the conversion of lda ice to ‘defective cubic’ ice occurs at 140K for pure

D2O samples (Blakey, 1994) but the transition temperature is considerably raised if

there is any occluded gas (Davies, 1992). It is, however, notable that computational

studies (Guillot and Guissani, 2003) indicate that there are small structural variations,
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depending on the temperature history of the sample, giving distinct forms of ldaI and

ldaII ice.

Spectroscopic studies suggest that all the water molecules are fully-hydrogen-

bonded and the structural modeling of the diffraction data appears to confirm this

assertion (Dore and Blakey, 1995). Consequently, the annealed low-density form of

amorphous ice [lda] may be characterised as a fully hydrogen-bonded random network

with four-fold co-ordination. More recent studies using H/D isotopic substitution have

confirmed these general principles. The formation of vhda-ice (Finney et al., 2002a)

suggests that the hda form may not be a specific phase with a well-defined structure

and that a series of ices with variable high densities may exist. There remains an active

debate about the relevance of this phase to the polyamorphism of the amorphous ices

with an on-going controversy about the phase transformations and the existence of a

second critical point (Poole et al., 1992).

For the lda-ice form, the local environment round each water molecule retains

an approximate tetrahedral conformation through two-proton donor and two-proton

acceptor bonds to four neighbouring water molecules and is therefore similar to that

of either hexagonal or cubic ice. The difference in structure occurs in the positions of

the second H-bonded neighbour molecule corresponding to the intermediate range of

4-10 Å that creates the network connectivity with five and seven-fold rings additional to

the six-fold rings of the crystalline form (Boutron and Alben, 1975). It seems that this

general structure is reproducible from several different production routes although recent

studies (Loerting et al., 2001) have indicated that there may be some small differences

that depend on the thermal history of the sample.

Diffraction studies of vapour-deposited D2O ice have been reported (Blakey, 1994)

using reactor and pulsed neutron techniques. The results are shown for both experiments

in Fig. 9. The main peak occurs at a Q-value of 1.715 ±0.005 Å−1 and is therefore

close to the central peak of the hexagonal ice triplet at ∼1.75 Å−1 . Since the current

data for ice in the SBA silica sample, shown in Fig 3, overlap this region, it is not

easy to separate out the two components. However, it can also be seen that there is a

subsidiary oscillation in the region of 2.8 Å−1 that corresponds approximately with the

emergence of a broad peak in the data for the confined ice. Furthermore, the general

diffuse scattering beyond the main peak is an indication that some form of disorder

must be present. Koza et al. (Koza et al., 2006) have investigated the transformation

of hda-ice to lda-ice and shown that there is a continuous displacement of the main

peak, indicating the formations of intermediate states rather than a simple two-phase

process. However, the main peaks of lda, ida and hda ices are much broader than that

of the ice in the SBA sample as shown by the super-imposed diffraction patterns in

Fig. 10 (the ida-ice pattern has been chosen to have the same position as peak 4 in the

fitted data shown in Fig. 3). These preliminary comparisons suggest that there is no

discernible isolated lda-ice phase present in the SBA-15 pores, but imply that the type

of disorder arising from the distortion of the network connectivity (due say to surface

effects in pores) could have an influence on the defective crystalline form.
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a)

b)

Figure 9. Comparison of a) Differential Scattering Cross-sections and b) Radial

Density Distributions of a-D2O from 7C2 and SANDALS.
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Figure 10. Diffraction patterns for lda, ida and hda ices, as well as that of peak 4

for the ice in the SBA-15 sample.

The apparent discrepancy in the peak positions for the present data and those

extracted from the fitted parameters implies the existence of a modified form of

amorphous ice. The shift from 1.708Å−1 to 1.748Å−1 suggests that the spatial

correlations contract by ∼2.4% and the density therefore increases by approximately

8%. although it must be remembered that the peak position is not solely affected by

the density. The possible existence of an intermediate density form of amorphous ice has

been proposed by several groups and some of the temperature-dependent effects for the

water and ice phases quantified (Urquidi et al., 2004). A more detailed consideration of

this possibility will be presented separately when the additional measurements for the

partially-filled samples are fully analysed. Other work (Zanotti et al., 2005) on water/ice

in Vycor for an extremely low filling-factor (monolayer coverage, at f = 0.25 hydration)

has indicated the formation of lda ice. Some recent results (Jalassi et al., in preparation)

have indicated that lda-ice may also be formed in low coverage studies [f=0.3] of

water/ice in a super-microporous SPS-1 silica (Bagshaw and Hayman, 2001a,b). It

therefore seems that amorphous ices formed in confined geometry may be stable at much

higher temperatures than in the bulk state. Further work is in progress to investigate

these features and to characterise the ice created under different conditions.
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